Growth patterns from birth to maturity were compared for 92 straightbred Herefords (H) and 299 Hereford crossbred (XB) cows. Crossbred cows were out of Hereford dams and were sired by bulls of two British [Angus (A) and Shorthorn (Sh)], two Continental [Charolais (C) and Simmental (S)] and two American dairy breeds [Brown Swiss (B) and Holstein (F)]. British XB and H cows differed only slightly in weight but both weighed less than Continental and dairy XB cows. Body condition also differed significantly among breed types; dairy XB were thinnest. Among XB individuals SH calves were heaviest (34 kg) and AH calves were lightest (30 kg) at birth. Birth weights of Continental XB were 2.6 kg more than those of British XB and 1.7 kg more than those of dairy XB. At weaning, all XB calves were heavier than straightbred H calves, but differences among XB types were not significant. However, on the average, Continental XB and dairy XB calves were heavier (28 kg) than British XB at 19 mo. At 32 too, Continental and dairy XB weighed 41 and 23 kg more, respectively, than British XB. Although differences between the British XB and the Continental and dairy XB at some ages were not significant, no case existed where the latter two groups weighed less than British XB. Adjusting weight to a common condition score reduced phenotypic variance at all ages and changed the ranking of some breed types 1Contributing to the Regional Project S-10, "Breeding Methods for Beef Cattle in the Southern Region." 2Authors express their appreciation to personnel of the State Farm Correctional Center for making the cattle available for this study.
Introduction
A prime objective of efficient beef production is rapid growth of cattle to slaughter weights. One way of achieving this rapid growth is to increase the mature size of the breeding stock. Kress et al. (1969) and Morris and Wilton (1976) have indicated that cattle that are larger at maturity grow more rapidly but also require more feed for maintenance. Therefore it would be particularly desirable to identify cattle that combine moderate mature size with relatively rapid growth.
Evaluation of the relative merits of different breeds has become increasingly difficult because of the large number of breeds and breed crosses presently available. The possibility of obtaining higher production levels by combining breeds that are more diverse than the traditional British beef breeds has been shown by several researchers (e.g., Pahnish et al., 1969 ). Yet more objective information is still needed on the productive characteristics of these numerous breed types to fully evaluate them. Therefore, the purpose of this study was to compare the growth patterns of cows produced by mating British and Continental beef and American 89O JOURNAL OF ANIMAL SCIENCE, Vol. 60, No. 4, 1985 dairy sires to Hereford dams to those of straightbred Hereford cows.
Materials and Methods
Data were collected at the James River Powhatan Correctional Center, which is situated in the southeastern Piedmont area of Virginia about 48 km west of Richmond, as part of a cooperative cattle breeding research project with the Virginia Department of Corrections.
Cattle and Management. The Hereford cows that produced the experimental animals were randomly allotted, within five age groups (3, 4, 5, 6 to 10 and over 10 yr), into breeding groups and bred in multiple-sire pastures. A minimum of two bulls of a given sire breed was assigned to each cow breeding group each year. The mating season began on about February 15 and lasted for about 75 d. Calves were weaned at an average age of 220 d. Experimental animals were sired by six Angus, six Brown Swiss, nine Charolais, 11 Hereford, eight Holstein, eight Shorthorn and 11 Simmental bulls and were born in 1972 through 1975. Calves born before January 1 were designated as fall calves, and those born after January 1 were designated as winter calves.
After weaning, all heifers were grown out together each year and remained together during their productive lives. During winter, cows were fed low-quality corn silage or grass silage and supplemented with urea or a small amount of another protein source. In summer, they grazed pastures containing fescue, johnsongrass, orchardgrass and some legume. A few very small, thin heifers and those with obvious physical defects were culled from the project at about 19 mo of age. All heifers were bred to Angus bulls af 2 yr of age to calve as 3-yr-olds and to Shorthorn bulls thereafter, except for Angus x Hereford females, which were bred to Shorthorn bulls in all years, and one-half of the Hereford females, which were bred to Hereford bulls to serve as a straightbred control group. Hereford cows that produced crossbred calves are designated as HX and Hereford cows producing Hereford calves are designated as HH. These groups were coded separately to investigate effects of the genotype of the calf being suckled on cow growth. (Harvey, 1975) . Model I was used to analyze data through 19 mo of age and contained fixed effects of breed type, year of weighing, age of dam, season of birth and the interaction of breed type x year. Age of individual at weighing was also added to the model as a continuous variable to analyze postnatal weights and condition scores. Interactions involving age of dam and season of birth were not included because preliminary analyses showed them to be unimportant. Three-way interactions were also assumed to be unimportant. Model II was used to analyze weights and condition scores from 32 mo of age to maturity and was essentially the same as Model I except that age of dam and season of birth were replaced by the fixed effects of pregnancy and lactation status (0 or 1) at weighing. Models I and II were both subsequently modified by including condition score as a continuous variable in order to account for effects of condition on weight (excluding birth weight).
Four linear contrasts of breed type means were used to make desired comparisons. British crosses (Angus • Hereford and Shorthorn x Hereford) were compared with the Hereford groups (HH and HX), with Continental crosses (Simmental • Hereford and Charolais • Hereford) and with dairy crosses (Brown Swiss • Hereford and Holstein • Hereford). Continental and dairy-type crosses were also compared. Because the comparisons were not independent, significance was determined by the Bonferroni t-test (Games, 1977) . In order to specifically to evaluate breed differences in growth patterns, weight data at each age were adjusted for all significant environmental factors, except year, from Models I and II, both with and without concomitant adjustment for condition score. Analyses were then rerun using mixed model procedures (Harvey, 1970) with a model (Model III) that included data from all weigh periods to estimate least-squares means for breed type by age subclasses (adjusted and unadjusted for condition) 9 Data were adjusted to a common age of dam (6 to 10 yr), condition score (7.5 for heifers and 3.0 for cows), season of birth (fall calving) and average age at each time of weighing (0, 7, 13, 19, 32, 45, 58, 70 and 82 too) before further analyses.
Model III was: observation on the kth animal of the ith breed type born in the jth year and weighed at the Ith age, an effect common to all observations, effect of the i th breed type, effect of the jth birth year, random effect of the k th cow of the ith breed type born in the jth year, effect of the 1 th weigh period, interaction of breed type x birth year, interaction of breed type x weigh period, interaction of birth year x weigh period and random error associated with measurement of the k th animal of the ith breed type born in the jth year and weighed at the 1 th time.
Least-squares means (adjusted and unadjusted for condition) from the model III analyses were used in the nonlinear regression procedure of the Statistical Analysis System (SAS, 1979) to estimate growth curve parameters for the Brody and Richards functions. Least-squares means were used in fitting nonlinear growth curves because standard multivariate techniques (Morrison, 1976) could not accommodate the large number of incomplete records present in the data (table 1) .
Brody's model (Brody, 1945 ) is:
where Yit Ai Bi is the observed body weight of ith breed type at time t, is the asymptotic weight of the ith breed type, is 1 minus the ratio of birth weight to mature weight for the ith breed type such that at t = 0, Yit = Ai(1-Bi), e is the base of natural logarithms (2.30259), ki is the maturing rate of the ith breed type, where rate of gain (dY/dt) at time t is defined as dY/dt = ki(AiYit) such that rate of gain is directly proportional to ki for types having the same asymptotic weight and rit is the mean deviation of observed weight from predicted weight for i th breed type at time t.
Richard's model (Richards, 1959; Fitzhugh, 1976 ) may be represented as:
where the additional parameter M defines the inflection point of the growth curve such that the degree of maturity of body weight at the inflection point of the curve (ui) is given by u i
More detailed discussion of these models is given by Nadarajah et al. (1984) .
Unbiased tests of significance of breed differences in growth curve parameters could not be obtained from the nonlinear regression analysis of least-squares means because these means were obtained from the model III analysis with unbalanced data and are not independent. However, the estimated growth curve parameters do facilitate interpretation of any observed breed type x weigh period interaction from the model III analysis.
Results and Discussion

Weight and Condition from Birth to 19 mo.
Breed type affected (P<.01) all weights and condition scores from birth to 19 mo of age (table 2) . Likewise, condition of the animal at the time a weight was taken had a major influence on that weight.
Linear contrasts of least-squares means (table 3) At weaning, all crossbred calves were somewhat heavier than either group of Herefords. Differences in weaning weight among crossbreds were not significant, but the ranking (high to low) was FH, AH, CH, ShH, SH and BH. Although there were no differences in weaning weights among the crossbreds, weaning condition scores of British crosses were higher (P<.01) than those of Continental and dairy crosses. When weight was adjusted for condition, British crosses weighed 7.6 kg less (P<.05) than Continental crosses and 11 kg less (P<.01) than dairy crosses. Laster et al. (1976) reported weaning weights of 203 kg for AH, 213 kg for CH and 211 kg for SH. These means differ considerably from those observed in the present study. This discrepancy may relate to the preweaning plane of nutrition; the calves studied by Laster et al. (1976) were creep fed, whereas those in the current study were not.
All crossbred heifers were heavier at 13 mo than straightbred Herefords, although differences between British crosses and straightbred Herefords were not significant. Among crossbreds, no significant differences were observed in weight at 13 mo; however, British crosses ET AL. weighed slightly less and had higher (P<.01) condition scores than Continental and dairy crosses. On the average, Continental crosses were slightly heavier than dairy crosses, but FH crosses were heavier and had lower condition scores than any Continental or British breed crosses at 13 mo.
When condition was held constant, 13-mo weights of British crosses were 11 kg less (P<.05) than those of Continental crosses and 22.5 kg less (P<.01) than those of dairy-type crosses. Likewise, Continental crosses were 11 kg lighter (P<.01) than dairy crosses.
Differences between weights of British crosses and straightbred Herefords were not significant at 19 mo. Among crossbreds, FH and SH heifers were heaviest at 19 mo of age followed by BH, CH, ShH and AH crosses. On average, British crosses weighed 25.5 kg less (P<.01) than Continental crosses and 30 kg less (P<.01) than dairy crosses. Dairy crosses had the lowest condition scores at 19 mo.
Year of weighing was an important source of variation affecting all weights and condition scores except birth weight (table 2) . Breed type • year interaction was generally also significant. The cause of this interaction could not accurately be established because individual sire effects were confounded with year effects in this study. This interaction may indicate true genotype x environment interaction or may only reflect sampling of sires among years. Weights of some breed types varied considerably from year to year, but no consistent pattern was observed.
Age of dam significantly affected weight and condition of offspring only at weaning. Weaning weights and condition scores generally increased with increasing age of dam to 6 to 10 yr and declined thereafter. Season of birth did not affect weights and condition scores except for weight at 13 mo. Yearling weights favored the fall-born calves over calves born in winter.
Weight and Condition from 19 mo to
Maturity. Mean squares, least-squares means and linear contrasts for weights and condition scores of cows after 19 mo of age are shown in tables 4 and 5. Differences among breed types were significant for both weight and condition score at all ages. British crosses and straightbred Herefords differed significantly in weight only at 45 mo. However, both Continental and dairy crosses were heavier than British crosses at all ages except at 58 too. Differences between the two groups of Herefords were inconsistent after 
~Z:Z. 32 mo of age. A large weight difference was observed between AH crosses and HH females at maturity compared with weights at early ages. The SH and CH cows had identical weights at 32 mo and were heavier (17.5 kg; P<.05) than dairy crosses at this age. Continental crosses weighed 48 kg more than British crosses at 45 mo, whereas dairy crosses weighed only 23 kg more than British crosses at ~hat age. Dairy crosses were 25 kg lighter than Continental crosses. At maturity, CH cows were heaviest (582 kg), followed by SH cows (563 kg). The rank and magnitude of differences among mature weights of these breed types are in general agreement with the performance of similar breed types at another prison farm herd at Bland, Virginia (Nadarajah, 1983) . Dairy crosses were intermediate to Continental and British crosses in mature size and were only slightly larger than the AH crosses. Both groups of Herefords weighed less than all crossbreds except the ShH at maturity. Breed type influenced the condition scores assigned at all ages. Condition scores for Hereford cows producing Hereford calves were higher than for Hereford cows producing crossbred calves at all ages, except at 58 mo, but the differences were not significant. Crossbred British types scored higher than both the Continental and dairy crosses except at 32 mo. On the average, Continental crosses scored higher than dairy crosses.
Estimation of Growth Curve Parameters. Least-squares means from the model Ill analysis (table 6) were used to estimate growth curve parameters for the Brody and Richards functions for each breed type with and without adjustment for condition (table 7) . The fourparameter sigmoidal Richards function did not reduce residual error appreciably when compared with the three-parameter asymptotic Brody function. However, estimates of mature weight (A) from unadjusted data were considerably lower for the Richards function than for Brody's function. No such systematic differences in estimated mature weights between the models were observed when weights were adjusted for condition. Both models described later growth more accurately than early growth. The Richards model consistently overestimated birth weights (by an average of 26% for unadjusted weights and by 17% for conditionadjusted weights). When weight was not adjusted for condition, the Brody model underestimated birth weights by an average of 18%. However, when weights were adjusted for condition, the Brody model did not yield consistently biased estimates of birth weight, and the average absolute error of estimation was reduced to 10%. Growth curves obtained using Brody's parameters are shown in figures 1 and 2. Estimates of mature weight (A) indicated that CH crosses were heaviest and British crosses and straightbred Herefords were lightest at maturity; SH, BH and FH crosses were intermediate in mature weight. The CH cows matured most slowly (K = .037) whereas the ShH, FH and SH crosses and the straightbred Herefords matured most rapidly. These results did not show an increase in rate of maturity among British crossbreds compared with the two groups of Herefords; however, AH crosses were heavier at maturity and matured more slowly than ShH crosses. The FH crosses matured more rapidly than BH crosses but grew to similar mature weights.
Estimation of growth curve parameters from weights adjusted for condition did not change the ranking of the breed types appreciably for mature weight, although the mature weight of the straightbred Herefords was reduced somewhat in relation to the other British types. However, the range in estimated mature weights among British straightbreds and crosses was reduced by about 15% by adjustment for conditon. Maturing rate differences among British straightbreds and crosses tended to persist after adjustment for condition, although the relatively rapid maturing rate of the fatter ShH crosses tended to be accentuated by the adjustment. The CH and SH crosses became more similar both in estimated mature weight and in maturing rate after adjustment for condition; this result primarily reflects the reduction in estimated mature weight for the fatter (and presumably lower-milking) CH crosses. Dairy crosses remained intermediate in mature weight to Continental and British crosses, but (with ShH crosses) exhibited relatively higher maturing rates after adjustment of observed weights for condition. This result suggests that body growth may have been deferred in the dairy crosses to compensate for their increased nutrient demands for lactation.
